Introduction
Hypothermia (HT) is one of the most effective neuroprotective therapies for brain injury caused by cardiac arrest in humans (Benard et al., 2002) , although there is as yet no evidence of such an effect of HT on cerebrovascular diseases from a large-scale clinical trial. We recently reported the experimental studies on the importance of timing of HT using global cerebral ischemia in mice (Doshi et al., 2009 (Doshi et al., , 2011 . we summarized our findings in this chapter because our results may be relevant to clinical studies.
Experimental methods

Global cerebral ischemia using C57BL/6J mice
Transient forebrain ischemia (global cerebral ischemia), which is induced by occlusion of the bilateral common carotid arteries (BCCA) in mice, causes delayed neuronal death in the hippocampus and is known as a model of brain injury following transient cardiac arrest (Kawase et al., 1999) . C57BL/6J mice are widely used as a background strain for genetic alterations and have been valuable for investigating the molecular mechanism of delayed neuronal death following transient forebrain ischemia (Yang et al., 1997; Tajiri et al., 2004) . We recently demonstrated that acute brain edema, one of the most important disorders following cerebral ischemia, occurred in the forebrain in this C57BL/6J mouse model (Doshi et al., 2009 ).
Forebrain ischemia was induced by BCCA occlusion with clips for 15 min under 1 % halothane anesthesia in air using a face mask. Rectal temperature was monitored using a digital thermometer and maintained at 37±0.5℃ with a heating blanket (normothermia, NT). The control mice underwent a sham operation without BCCA occlusion under halothane anesthesia for 15 min.
Evaluation of delayed neuronal death and acute brain edema
Delayed neuronal death in the hippocampus 7 days after reperfusion was determined by both hematoxylin-eosin (HE) staining and TdT-mediated dUTP-biotin nick end labeling (TUNEL) assay. To evaluate the acute brain edema, the water content in the forebrain 1 hour after reperfusion was determined by the weight differences between wet and dry samples. The percentage of water in the forebrain was calculated as follows: ((wet weight-dry weight) / wet weight)×100.
Induction of hypothermia
HT during ischemia was spontaneously induced by removing the heating blanket, and the mice were allowed to recover from anesthesia at room temperature (23-25℃) until 1 hr after reperfusion. In contrast, artificial HT after reperfusion (rHT) was induced by placing the mice on a refrigerant, which was maintained at 18-19℃ until 1 hr after reperfusion in a styrofoam box. In NT mice, rectal temperature was maintained at 37±0.5℃ during ischemia. In HT mice, rectal temperature significantly decreased by 28-30℃ during ischemia. On the other hand, the patterns of the change in rectal temperature after reperfusion in rHT mice were significantly lower than that in HT mice ( Fig. 1) . Forebrain ischemia was induced by BCCA occlusion for 15 min under 1 % halothane anesthesia in both HT and rHT mice, as described in the Materials and Methods. The control mice (Control) underwent a sham operation without BCCA occlusion under halothane anesthesia for 15 min. The rectal temperature was monitored 0, 30, and 60 min after reperfusion. Data are expressed as mean ± SE (control : n=3, I-R : n=7). Statistical analysis was performed by analysis of variance (ANOVA) of repeated measures for the comparison of the changes in rectal temperature between the HT and rHT groups.
Effect of hypothermia during ischemia on occurrence of delayed neuronal death
HT during ischemia has been shown to protect against delayed neuronal death in several animal models of cerebral ischemia including the global cerebral ischemia in C57BL/6J mice (Yang et al., 1997) . We confirmed the protective effect of HT during ischemia against delayed neuronal death in the hippocampus under our experimental conditions. As shown in Table 1 , there were no histological changes in the hippocampus 7 d after reperfusion in all HT mice, whereas delayed neuronal death occurred in three of the four NT mice. In this model, controlled NT during cerebral ischemia is important for the induction of neuronal death following cerebral ischemia (Ohtaki et al., 2006) , supported by data revealing that HT during ischemia protects against neuronal death in the BCCA occlusion C57BL/6J mouse model (Yang et al., 1997) . Our data in this study were consistent with previous data. However, the neuroprotective effect of HT after ischemia-reperfusion still remains to be solved in NT mice.
Mice
The 
Effect of timing of hypothermia on occurrence of acute brain edema
Brain edema, defined as an increase in brain water content, is one of the major reperfusion pathologies following cerebral ischemia along with delayed neuronal death and infarction. The increase in brain water content results in serious pathologic situations such as elevation of intracranial pressure and reduction of cerebral blood flow, and subsequently causes cerebral herniation and death (Kempski, 2001) . Even now, the treatment options for brain edema are limited to the use of hyperosmotic agents, such as glycerol or mannitol, and surgical decompression. That is, despite the clinical significance of brain edema, the mechanisms of brain water transport and edema formation in ischemic injuries remain unclear.
Several studies have shown that HT, which was monitored by measuring rectal temperature, protects against delayed neuronal death and infarction (Maier et al., 1998; Tsuchiya et al., 2002) , but few studies have investigated the effects of HT on brain edema in mouse models of cerebral ischemia. Therefore, we investigated the effect of HT on the occurrence of acute brain edema following the global cerebral ischemia in C57BL/6J mice.
Effect of hypothermia during ischemia on occurrence of acute brain edema
We first investigated the effect of HT during global cerebral ischemia on the occurrence of acute brain edema in the C57BL/6J mouse model. In both NT and HT mice, the water content 1 h after reperfusion was significantly higher than that of the control mice, but no significant differences were detected between the NT and HT mice (Fig. 2) . This data indicated the ineffectiveness of HT during ischemia against acute brain edema, unlike its effect on neuronal death, suggesting that HT during ischemia may not necessarily be an effective therapy for all reperfusion pathologies following cerebral ischemia. However, we found that the rectal temperature of the HT mice recovers from HT during ischemia to NT mice levels within 1 hr after reperfusion. Therefore, we speculated that the ineffectiveness of HT during ischemia against acute brain edema is due to the immediate recovery of rectal temperature after reperfusion at room temperature in the C57BL/6J mouse model. Fig. 2 . Effect of HT during ischemia on occurrence of brain edema in C57BL/6J mice.
Forebrain ischemia was induced by BCCA occlusion for 15 min under 1 % halothane anesthesia in both normothermia (NT) and hypothermia (HT). The control mice (Control) underwent a sham operation without BCCA occlusion under halothane anesthesia for 15 min. The water content in the forebrain treated with BCCA occlusion for 15 min and 1 h after reperfusion (I-R) was measured. Data are expressed as the mean ± SE (control : n=3, I-R : n=5). Statistical analysis was performed by two-way ANOVA and an unpaired Student's t-test for comparison between control and I-R mice groups (*p<0.01 vs control).
Effect of hypothermia after reperfusion on occurrence of acute brain edema
We next investigated the effect of rHT on acute brain edema in the C57BL/6J mouse model. The water content 1 hr after reperfusion was significantly higher in both the HT and rHT mice than in the control mice (p<0.05). However, the water content 1 hr after reperfusion was significantly lower in the rHT mice than in the HT mice (Fig. 3) . Already, we have shown an increase in brain water content during BCCA occlusion in a previous study (Doshi et al., 2009) . Therefore, these results indicated that rHT suppresses the additional increase in brain water content after reperfusion, but not the increase in brain water content during BCCA occlusion. 
Conclusion
HT during ischemia protects against delayed neuronal death in the hippocampus. In addition, rHT suppresses aggravation of acute brain edema following global cerebral ischemia in mice. Therefore, these findings indicate that the timing of therapeutic HT differs depending on the pathology following global cerebral ischemia. Further experimental studies should be performed to establish a standard method for the clinical application of therapeutic HT because there are still several controversial issues in the development of cooling techniques and in the determination of optimal duration and temperature.
References
Benard, SA., Gray, TW., Buist, MD., Jones, BM., Silvester, W., Gutteridge, G., & Smith, K. 
